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(54) Rapid thermal swing adsorption 

(57) Temperature swing adsorption of contaminants 
such as water and air from a gas stream such as air is 
conducted using adsorbent packed in tube side passag- 
es of a tube and shell heat exchanger adsorber. After a 
period of adsorption heating fluid is passed through the 



shell side passage of the adsorber during regeneration 
and upon exiting from the adsorber is recycled via a 
heater back into the shell side of the adsorber. During a 
cooling phase of the regeneration, a cooling fluid is 
passed through the shell side passage of the adsorber. 
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C.,01, The prasea. — 1 » a ra* -^-tfSJaS?" " ^ ^ 
-«* « carbon dioxide, water, nittogen oxides and "-'•"rZ „™. ,_,) air is com- 

[00021 In conventional processes for cryogenic separation ,of ^^^^X^e 6m\a^ cau mn . 
Used, then cooled through expansion to '^^^ 

Unless water and carbon dioxide are removed from the w ^before ^ohng the P ^ ^ ^ 

heat exchangers employed for cool.ng the gas pnor ° j f.^f ^' S °Xno X We and nitrogen dioxide can form poly- 

and safety problems. For example, nitrogen ox.des including n, * 0 _ 9 . e " 

meri^ 

which are present in the main heat exchanger. Conseque ntiy ine*e .mpu, . exp | OS ion hazards if 

steam reforming methane to produce synthes.s ^^^^^S^vi trac e levels of carbon dioxide and 
'^^^^^^ "~ SK— — - - cryogenic disti„a«on 
foToir'Twomethodsgenerallyusedfor such impurity removal are temperature swing adsorption (ISA) and pressure 

swing adsorption (PSA). „H e «rh»nt i* exoosed to flow of feed air for a period to adsorb impurities 

l0 005] in each of these tech roque*, abed^ If the removed component in the adsorbent will 
such as carbon dioxide and water from not be uniform but will be highest at the upstream 

necessary to regenerate the adsorbent. adsorbent bed and the adsorbent is 

[0006] To regenerate the •*«^J^J£j^X £ S^ed component from the adsorbent and 
exposed to a flow of purge gas (typically product gas) wh.cn nr ps ™ e adsorbent in the regeneration 

regenerates it for further use. in TSA. the heat needed t^ 

phase is supplied by heated purge gas. *l>"^ a ££££ ° Spurge gas is typically lower than that of the 
Pooled by a flow of cooled impurity-free gas ^^^^^^y The change in partial pressure 

'achieved by passing a hot/cold gas directly over ^.^^^SSS of Sie relatively low heat capacity of 
using high gas temperatures is energy ^^^Z^^es for the entire length of the adsorption 

convenuona. TSA process ^relative * amount of product gas. typica.ly 

SKb % needed for adsorbent regenera^n J~£*-- p ^ example using a pulse of heated gas. 
[0011] Numerous attempts have been made to improve ^J^™!^, using mu iti-bed systems to recover 
usingUat of compression offeed gas to pa^ 

and reuse the heat of regeneration. us.ng relatively ^T£^e£»oam The methods aim to decrease the energy 
the ceding step, and using an ^^^S£^SSi C£Son efficiency by reducing the ad- 
consumption and thus the cost of the TSA ^ver all of these methods involve heating and cooling 
sorbent inventory and/or increasing the [^^^^^^s remains in the order of hours. 
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microwave energy (US-A-4312641), installation of electrical heaters inside the packed adsorbent bed of the adsorber 
(US-A-4269611) and direct application of electric current to the adsorber for electrodesorption (US-A-4094652). 
[001 3] US-A-5669962 discloses a pressure swing/thermal swing adsorption dryer using shell and tube type adsorber 
heat exchangers wherein the internal tube surface is coated with fine water adsorbent particles. The adsorbent is 

5 indirectly heated or cooled by flowing hot or cold feed gas to the separation process through the shell side passage of 
the heat exchanger. The feed gas acts first as a cold shell side gas in a first absorber heat exchanger, then is heated 
to act as a hot shell side gas in a second absorber heat exchanger undergoing regeneration, and then passes through 
the tube side of the first absorber heat exchanger where it is dried. Part of the dried gas is used as a purge gas for the 
tube side of the second absorber heat exchanger. The cycle is periodically reversed by interchanging the functions of 

10 the two adsorber heat exchangers. The interchange may take place at intervals of from thirty seconds to three minutes. 
[0014] The heat available for supply to regeneration as taught in the US-A-5669962 process is dependent on the 
mass flow rate of the feed gas, as the heat derives from the MAC (main air compressor) and the system lacks flexibility 
and is unsuited to large scale applications. Thus, this process is not applicable to the present invention. 
[001 5] In a first aspect, the present invention provides a thermal swing adsorption process for removing a component 

15 from a feed gas, comprising the steps of: 

a) passing the feed gas in a first direction in contact with an adsorbent to adsorb the component from the feed gas 
on the adsorbent; 

b) heating the adsorbent and passing a first regenerating gas in a second direction opposite to the first direction 
20 in contact with the adsorbent to desorb the feed gas component from the adsorbent; 

c) cooling the adsorbent; and 

d) repeating the cycle of steps a) to c), 

wherein the adsorbent is heated by passing a heating fluid which is separated from the adsorbent but is able to exchange 
25 heat with the adsorbent, such that the amount of heat supplied to the adsorbent by the heating fluid is independent of 
the amount of feed and regeneration gas passed. 

[001 6] Preferred temperatures for the heating fluid as it enters the adsorber heat exchanger are from 1 00°C to 250°C, 
e.g. 200°C. 

[0017] Preferably, the adsorbent is cooled in step c) by passing a cooling fluid which is separated from the adsorbent 
30 but is able to exchange heat with the adsorbent, such that the amount of heat removed from the adsorbent by the 

cooling fluid is independent of the amount of feed and regeneration gas passed. The flow of heating fluid and/or that 

of cooling fluid may be counter-current to the flow of gas in the tube side of the adsorber heat exchanger. 

[0018] Preferably, at least one of the heating fluid and the cooling fluid is different from the feed gas. 

[0019] Optionally, at least one of the heating fluid and the cooling fluid is different from the regenerating gas. 
35 [0020] Preferably, the process further comprises passing a second regenerating gas in the second direction in contact 

with the adsorbent during cooling. 

[0021] The first regenerating gas and the second regenerating gas may be identical. In this case, the regenerating 
gas is preferably product gas produced from the feed gas by step a). Alternatively, the two regenerating gases may 
be different. In this case, the first regenerating gas is preferably derived from the second regenerating gas, being the 
ao effluent second regenerating gas from step c), and the second regenerating gas is preferably product gas produced 
from the feed gas by step a). 

[0022] The first regenerating gas is preferably pre-heated to a desired temperature. This temperature may be the 
temperature of the heating fluid. 

[0023] Preferably, the heating fluid is recycled. The heating fluid may be reheated in between cycles. The heating 

45 fluid and may be recycled using a pump. Preferably, the cooling fluid is not recycled. 

[0024] Preferably, the process takes place in one or more adsorbers, each adsorber comprising one or more tubes, 
and a shell surrounding the tube or tubes and separated from the tube or tubes by one or more heat-exchanging 
surfaces. More preferably, each tube contains adsorbent particles. Highly preferably, each tube contains a packed bed 
of adsorbent. In using the term "tube or tubes", it is understood that each tube may or may not contain fins internal or 

50 external to the tube. 

[0025] Preferably, the process takes place in three adsorbers, such that in each cycle step a) takes place in a first 
adsorber whilst step b) takes place in a second adsorber and steps c) takes place in a third adsorber, then step b) 
takes place in the first adsorber whilst step c) takes place in the second adsorber and step a) takes place in the third 
adsorber, then step c) takes place in the first adsorber whilst step a) takes place in the second adsorber and step b) 
55 takes place in the third adsorber. 

[0026] Optionally, one or more of the heating fluid and the cooling fluid is a gas. Where the heating fluid is a gas, it 
may comprise feed gas and/or regenerating gas obtained as a product of step c). Part of either of these streams may 
be withdrawn for use for this purpose, and optionally may be wholly or partly recycled for multiple passes through the 
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above. . „, mr>ri ™ rar bon dioxide and/or water. Where alumina is used, it 

ponent from a feed gas, comprising the steps of: 

a) passing lite feed gas in a first direction in contact with an adsorbent to adsorb the component from the feed gas 
on the adsorbent; mnanoratinfl aas in a seC ond direction opposite to the first direction 

c) cooling the adsorbent; 

d) repeating the cycle of steps a) to c), 

from a feed gas, comprising the steps of: 

sSSssasrssssssa 

30 c) cooling the adsorbent; 

d) repeating the cycle of steps a) to c), 

. ^KSS^JSSJ^"^-'-- — adsorp«onproeese,o„emo»a,g a comgd- 
nent from a feed gas. comprising the steps of: 
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c) cooling the adsorbent; 

d) repeating the cycle of steps a) to c), 



heat with the adsorbent, the heating fluid being heated by «jeaww a( adsorpti0 n proc- 

[0035] in a fifth aspect, the present SStaSm* or externa, fins) each containing 

^OsT^^ 

Unt of a feed gas. comprising at .east, >" e . a ^ 
bas connected todrive feed gasovermeadsorbentfor^ 

a source of a flow of regenerating gas for desorb.^ | sad ^SSJSrtflow o» regenerating gas over the adsorbent 
theflowoffeedgasovertheadsor^ 

tobeestaW.shed.altowpath^ pump for driving said recircu.at.on. 

^^^^ 
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the recirculation of heating fluid to be started and stopped and allowing flow of said cooling fluid to be started and 
stopped. 

[0037] Preferably, said indirect heat exchange relationship is established between the adsorbent particles packed 
in tubes of a shell and tube heat exchanger and the said heating or cooling fluid flowing in a shell side passage of said 
heat exchanger. 

[0038] Preferably, the apparatus comprises a plurality of said adsorbers and valved connections allowing one of said 
adsorbers to be being regenerated while another of said adsorbers is adsorbing said components from said feed gas, 
and allowing a continuous cycle of adsorption duty and regeneration to be established among the adsorbers. 
[0039] The invention will be further described and illustrated with reference to the accompanying drawings, in which: 

Figure 1 schematically illustrates apparatus for use according to a preferred embodiment of the invention. 
Figure 2 schematically illustrates the cycle times used in connection with the apparatus of Figure 1 . 

[0040] In a preferred embodiment of the invention, rapid TSA is carried out using the apparatus of Figure 1 , comprising 
three parallel adsorbers 10,12,14. Each adsorber, for example, comprises a carbon steel shell and tube heat exchanger 
with nominal tube diameters of 3.0 inches (7.6 cm) (O.D. = 3.5 M (8.9 cm), wall thickness = 0.216" (0.55 cm), weight = 
7.58 lbs/ft (11.28 kg/m)). Each shell and tube adsorber comprises 805 tubes 16 about 3.0' (0.91 m) in length, giving a 
heat exchange area of about 2200 ft 2 (204 m 2 ). The tubes are each packed with a layer of activated alumina and a 
layer of NaX zeolite. This apparatus is suitable for removal of water and carbon dioxide from compressed air (90 psia 
(620.6 kPa), 90 °F (32°C)). 

[0041] In other embodiments of the invention, the adsorbent may be of a single type. Where alumina is used as 
either the single adsorbent or in combination with other adsorbent such as zeolite, it may be a modified alumina as 
described in US 5656064. Thus, the adsorbent may be formed by impregnating alumina with a basic solution having 
a pH of 9 or more. 

[0042] The beneficial effect of the treatment of the alumina with a basic solution may be due to the reaction of carbon 
dioxide with hydroxide ions in the basic environment of the alumina surface to form bicarbonate ions, although the 
applicant does not wish to be bound by this theory. 

[0043] Preferably, the pH of the impregnating solution is at least 10, more preferably from 10 to 12. Best results have 
been obtained using an impregnating solution having a pH of about 11. 

[0044] it is further preferred that the pH of the impregnating solution is related to the zero point charge (zpc) of the 
alumina according to the formula: 

pH*zzpc-1.4 

or more preferably by the formula: 

zpc+2^pH^zpc-1.4 

[0045] Most preferably, the pH of the impregnating solution is related to the zero point charge of the alumina by the 
formula: 

zpc+1^pH^zpc-1 

[0046] Said basic solution may suitably be a solution of an alkali metal or ammonium compound such as one selected 
from hydroxides, carbonates, bicarbonates, phosphates, and organic acid salts. Suitable basic compounds that may 
be employed include sodium, potassium or ammonium carbonate, hydroxide, phosphate bicarbonate, nitrate, formate, 
acetate, benzoate or citrate. 

[0047] The most preferred basic compound is potassium carbonate. 

[0048] The illustrated apparatus comprises a main air compressor 1 8 compressing feed air. Water is condensed out 
of the compressed feed air stream in a cooler 20 from which the compressed feed air passes to an inlet manifold 22. 
One of valves 24 passes feed air to the tube side inlet 26 of a first of the adsorbers (left-hand-most in the drawing)in 
which stage (a) of the process in ongoing. From the tube side outlet 28 of the adsorber, the purified air passes to an 
outlet manifold 30 via a valve 32 and so is led away as product gas at an outlet 34. A part of the product gas containing 
less than 10 ppm water and carbon dioxide is abstracted from the product stream at a pressure reduction valve 36 and 
is passed to a manifold 38 for passage via a valve 40 into the tube side outlet of the right-hand-most adsorber as 
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regenerating gas for use in step (c) of the containing some impurities gained from the adsorbent. 

[0049] The effluent regenerating gas from the ads J y 9 alve ^ and passes up to a manifold 46 from 

of flow of the hating fluid can also be reverse " inlet of the right hand adsorber via a valve 

SoT^stheco mP r^ 

a rate of 1 (0.0014) to 100 (0.14)lb ^^^^^ to nelr ambient pressure while heating them by counter- 
pressure. The tubes are then £ r o U gh the shell side of the adsorber. The heating step 
currently or co-currently flow.ng a heaflng flu.d (9^ °r hqu .d ) tnroug belQW tne entrance temper- 
is continued until the feed-end ot * e adso *f^^^ (or a gas from the cooling step described 
ature of the heating fluid. A small stream of ^T^^^^V^ at ™ar ambient temperature through 
bel ow containing a small amount of the .mpurrt ^°jJJ2SSW« from inside the tubes. The gas may 
the tubes during the heating step ,n order * jemove the ^ 

alternatively be pre-heated to the hea * n ? <^ and recycled in a closed loop manner 

gas is vented. The heating fluid leavng the she I ^**^^^ ng the cooling fluid (gas or liquid) through 
using a pump. After heating, the tubes ^^J^^ near ambient temperature and pressure is passed 
the shell side of the adsorber. A small porfcon of the > P roduc * j> a * a nea Aft aaeq uate cooling, the adsorber tubes 
c^VnL-currently orco-currentlythro^ product ga , The 

are counter-currently pressunsed to feed gas JNW«J> P ^ js now ready for a new cycle. 

those of a conventional TSA process. 
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RAPID TSA 



Step 



Adsorption 



Depressurisation/heating 



Time/mins (sec) 



40.0 (2,400) 



CONVENTIONAL TSA 



Step 



Adsorption 



Time/mins (sec) 



360(21,600) 



Depressurisation/heating 



(900) 




LboiimeW of Ihe awe-lte, has a aho* aycte t™ mls allows «,e adaorteia , u> M 



6 



EP 1 291 067 A2 



a capacity between 200 and 300 tons per day (181 ,436 Kg to 272,154 Kg per day) using the adsorption process of the 
present invention, there would be approximately a five to ten fold reduction in the adsorbent inventory needed for the 
plant. 

[0056] This embodiment of the invention shows a significant energy saving over the conventional TSA process. 
. 5 [0057] Another advantage of this embodiment of the invention is that a very small fraction of product gas, typically 
3 to 10 %, is needed for regeneration because this gas is not supplying heat to the adsorbent. This means that the 
product yield is increased compared with conventional TSA. 

[0058] Compared with the systems disclosed in US-A-431 2641 , US-A-4269611 and US-A-4094652, this embodiment 
of the present invention has the advantage that the cooling step is accelerated as well as the heating step. 

w [0059] Compared with the system disclosed in US-A-5669962, this embodiment of the present invention is much 
simpler, not involving the complex passage of feed and product gas through the tube and shell sides. The heating fluid 
may be chosen for optimum heating properties rather than being limited to the feed gas. The cooling step is carried 
out before feed gas enters the regenerated bed, allowing optimum adsorption throughout the adsorption step. Addi- 
tionally, in the preferred embodiment, the adsorbent is packed in beds in the tubes rather than being coated on the 

15 tube sides. The use of a simple packed bed eliminates channeling and costly production associated with structured or 
coated adsorbent concepts. This embodiment of the present invention removes carbon dioxide from the feed gas as 
well as moisture. 

[0060] Whilst the invention has been described in detail in terms of a preferred embodiment thereof, it will be appre- 
ciated that many modifications and variations are possible within the scope of the invention. For instance, the effluent 

20 impurity laden gas from the tube side (step b and part of step c) can be further heated and used as part of the heating 
gas I the shell side by mixing it with the balance of the heating gas. Other options include the discharge without recir- 
culation of the heating fluid, optionally with heat recovery therefrom, or the partial recirculation of the heating fluid, with 
a portion being replaced in each cycle. The heating fluid may in this instance particularly be feed gas or product gas 
and may be fed back into the feed gas or product gas stream on discharge. 

25 [0061] In particular, it should be understood that although the process cycle of the present invention has been de- 
scribed in relationship to three parallel adsorber beds, it can also be practiced using at least two parallel adsorber beds 
by approximate rearrangement of the individual step cycle times shown in Figure 2. 

[0062] It will further be understood that the invention is not restricted to the removal of impurities from air but is of 
general applicability. 

30 

Claims 

1. A thermal swing adsorption process for removing a component from a feed gas, comprising the steps of: 

35 

a) passing the feed gas in a first direction in contact with an adsorbent to adsorb the component from the feed 
gas on the adsorbent; 

b) heating the adsorbent and passing a first regenerating gas in a second direction opposite to the first direction 
in contact with the adsorbent to desorb the feed gas component from the adsorbent; 

40 c) cooling the adsorbent; 

d) repeating the cycle of steps a) to c), 

wherein the adsorbent is heated by passing a heating fluid which is separated from the adsorbent but is able to 
exchange heat with the adsorbent, such that the amount of heat supplied to the adsorbent by the heating fluid is 
45 independent of the amount of feed and regeneration gas passed. 

2. A process as claimed in Claim 1, wherein the adsorbent is cooled by passing a cooling fluid which is separated 
from the adsorbent but is able to exchange heat with the adsorbent, such that the amount of heat removed from 
the adsorbent by the cooling fluid is independent of the amount of feed and regeneration gas passed. 

50 

3. A process as claimed in Claim 1 , wherein at least one of the heating fluid and the cooling fluid is different from the 
feed gas. 

4. A process as claimed in Claim 1 , wherein at least one of the heating fluid and the cooling fluid is different from the 
55 first regenerating gas. 

5. A process as claimed in Claim 1 , further comprising passing a second regenerating gas in the second direction in 
contact with the adsorbent during cooling. 
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c) cooling the adsorbent; 

d) repeating the cycle of steps a) to c), 

wherein the adsorbent is heated by passing a heating fluid which is separated from the adsorbent but is able to 
5 exchange heat with the adsorbent, the heating fluid being different from the feed gas. 

27. A thermal swing adsorption process for removing a component from a feed gas. comprising the steps of: 

e) passing the feed gas in a first direction in contact with an adsorbent to adsorb the component from the feed 
10 gas on the adsorbent; 

f) heating the adsorbent and passing a first regenerating gas in a second direction opposite to the first direction 
in contact with the adsorbent to desorb the feed gas component from the adsorbent; 

g) cooling the adsorbent; 

h) repeating the cycle of steps a) to c), 

15 

wherein the adsorbent is heated by passing a heating fluid which is separated from the adsorbent but is able to 
exchange heat with the adsorbent, the heating fluid being recycled. 

A thermal swing adsorption process for removing a component from a feed gas, comprising the steps of: 

e) passing the feed gas in a first direction in contact with an adsorbent to adsorb the component from the feed 
gas on the adsorbent; 

0 heating the adsorbent and passing a first regenerating gas in a second direction opposite to the first direction 
in contact with the adsorbent to desorb the feed gas component from the adsorbent; 

g) cooling the adsorbent; 

h) repeating the cycle of steps a) to c), 

wherein the adsorbent is heated by passing a heating fluid which is separated from the adsorbent but is able to 
exchange heat with the adsorbent, the heating fluid being heated by a heater separate from the main air compres- 

30 sor. 

29. An adsorber for carrying out a thermal swing adsorption process, comprising one or more tubes each containing 
a packed bed of adsorbent, and a shell surrounding the tube or tubes and separated from the tube or tubes by 
one or more heat exchanging surfaces. 

35 

30. Apparatus for use in a thermal swing absorption process for removing a component of a feed gas, comprising at 
least one absorber containing absorbent particles, a source of compressed feed gas connected to drive feed gas 
over the adsorbent for the adsorption of said component therefrom on to the adsorbent, a source of a flow of 
regenerating gas for desorbing said component from the adsorbent, valved connections allowing the flow of feed 

40 gas over the adsorbent to be stopped and a counter-current flow of regenerating gas over the adsorbent to be 

established, a flow path for recirculation of heating fluid in indirect heat exchange relationship with said adsorbent, 
said flow path including a heater for heating said recirculating heating fluid and a pump for driving said recirculation, 
a flow path for cooling fluid in indirect heat exchange relationship with the adsorbent, and valved connections 
allowing the recirculation of heating fluid to be started and stopped and allowing flow of said cooling fluid to be 

45 started and stopped. 

31. Apparatus as claimed in Claim 30, wherein said indirect heat exchange relationship is established between the 
adsorbent particles packed in tubes of a shell and tube heat exchanger and the said heating or cooling fluid flowing 
in a shell side passage of said heat exchanger. 

50 

32. Apparatus as claimed in Claim 30, comprising a plurality of said adsorbers and valved connections allowing one 
of said adsorbers to be being regenerated while another of said adsorbers is adsorbing said component from said 
feed gas, and allowing a continuous cycle of adsorption duty and regeneration to be established among the as- 
borbers. 

55 
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